Aims To present a histological and ultrastructural study of an untreated globe in a patient with genetically confirmed type 1 Stickler syndrome. Methods Histological and electron microscopic examinations were performed on the enucleated globe from the proband of a pedigree with type 1 Stickler syndrome. Linkage analysis was carried out using polymorphic markers flanking the COL2A1 gene and the mutation was identified by direct sequencing. Results The significant retinal abnormality was incarceration of vitreous collagen within glial strands on the inner surface of an atrophic and gliotic detached retina. The incarcerated collagenous layers contained glial cells and extended from the retina to form strands, some of which contributed to a retrolental membrane. Mutation screening detected a C to T mutation in exon 47 that inserted a premature termination codon into the reading frame of the mRNA. Sequence analysis of three of the four affected children confirmed that they were also heterozygous for the base change. The youngest child's DNA was not analysed. Conclusions The study represents the first evidence of abnormal interactions between pathological vitreous collagen and the inner retina in a patient with type 1 Stickler syndrome with a confirmed mutation in the COL2A1 gene.
Introduction
Stickler syndrome (hereditary arthroophthalmopathy, McKusick Nos. 108300 and 184840) is a dominantly inherited disorder of collagen connective tissue 1 and is the most common inherited cause of rhegmatogenous retinal detachment in childhood with a risk of giant retinal tear which is often bilateral and a frequent cause of blindness. The majority of pedigrees demonstrate a characteristic 'membranous' vitreous anomaly (type 1) associated with mutations in the gene for type II collagen (COL2A1). [2] [3] [4] Other pedigrees exhibit a different (type 2) vitreous phenotype and harbour mutations in the gene encoding the a1 chain of type XI collagen (COL11A1) on chromosome 1. 5, 6 Other ocular features described include high myopia, drainage angle anomalies, glaucoma, wedge or fleck cataract, and radial retinal paravascular pigmentation. 4, 7, 8 Extra-ocular manifestations of the Stickler syndrome are highly variable both between and within kindreds. The most consistently described are the Pierre Robin sequence, mid-facial hypoplasia, sensorineural deafness, joint laxity, and progressive joint degeneration with mild spondyloepiphyseal dysplasia.
Although Stickler syndrome is recognised as being a disease of defective collagen synthesis, the pathological processes taking place in the eye are poorly understood. Studies are restricted to a series published by Blair et al 9 describing three enucleated eyes from two different pedigrees with Stickler syndrome. Two out of three of these eyes had undergone previous surgical intervention. This work was published prior to the recognition of two different vitreous phenotypes in Stickler syndrome. One ultrastructural study of the vitreal membranes in Stickler syndrome has been published 10 although without associated molecular genetic analysis to confirm subtyping.
We present a histological and ultrastructural study of an untreated globe in a patient with genetically confirmed type 1 Stickler syndrome.
Materials and methods

Subject
The proband, aged 19 years, first presented to an ophthalmology department with a total retinal detachment in the left eye. A paediatric ophthalmologist, to whom one of her children had been referred with a squint, subsequently made the diagnosis of Stickler syndrome. The proband is a moderately high myope (À7.50/ þ 4.00 Â 90 OD and À8.00/ þ 4.50 Â 100 OS) with a history of esotropia. Her right eye exhibited the type 1 'membranous' vitreous anomaly and radial paravascular lattice retinopathy. She suffered from arthritis with some restriction of movement in the weight-bearing joints. There was no evidence of midline clefting but audiography confirmed mild sensorineural deafness at all frequencies. To date, the proband has four affected children.
At initial presentation, she was found to have reduced vision in the left eye (measured as 6/60) secondary to a long-standing retinal detachment with proliferative vitreoretinopathy. A flat retinal tear in an area of lattice retinopathy was seen in the right (fellow) eye with vision measured as 6/18. This was treated with external cryotherapy under local anaesthesia and the left eye was managed conservatively in view of the fact that she was 7 months pregnant. A month later she developed a right superotemporal retinal detachment. This was successfully managed surgically.
The left eye remained comfortable until 13 years later, when she returned with a painful blind eye. On examination, there was corneal decompensation with an epithelial defect. Cholesterol crystals coated the iris and formed a pseudohypopyon. There was seclusio pupillae with iris bombé and a mature cataract. The anterior chamber angle was closed causing intractable glaucoma. Pain and failure of medical treatment to control the raised intraocular pressure led to enucleation.
Pathological examination
The enucleated eye was fixed in buffered glutaraldehyde (2%) and the PO block was processed through paraffin for routine stains which included hematoxylin and eosin (H&E), periodic acid Schiff (PAS), Masson trichrome, Perl's stain for iron and the Bodian and Loyez stains for axons and myelin, respectively. Tissue blocks from the retina were processed through Araldite for conventional electron microscopy.
Molecular genetic analysis
DNA was extracted from venous blood for molecular genetic analysis. Polymorphic markers (D12S331, D12S85, D12S361, D12S347) that flank COL2A1 were used to assess linkage of the disorder in this family to the COL2A1 locus. The mutation was identified by direct sequencing.
Results
Ocular pathology
Macroscopic examination
The dimensions of the globe were 24 Â 26 Â 24 mm with 5 mm of optic nerve attached ( Figure 1a ). The cornea measured 11 Â 12 mm. The anterior chamber contained cholesterol crystals and was shallow; the angle was closed. The lens was opaque and a large white plaque under the anterior capsule impinged on the posterior surface of the iris. The presumed vestigial vitreous persisted as a thin membrane behind the lens; the vitreous gel appeared to be absent. The retina was thickened and detached, with white strands on the inner surface peripherally (Figure 1b) . Clumps of pigmentation of various sizes were present on the inner and outer surfaces of the retina.
The choroid was lined internally by large white stellate scars ( Figure 1c ). The sclera was thinned temporally and the optic nerve appeared to be atrophic.
Microscopic examination
The corneal epithelium was atrophic, but not significantly oedematous and the endothelium was attenuated. A peripheral pannus was present. The angles were closed, but there was no evidence of goniodysgenesis. An inconspicuous neovascular membrane lined the iris surface and the iris pigment epithelium had migrated onto the anterior surface of the lens capsule. The ciliary body was unremarkable. The lens cortex and nucleus showed non-specific cleft and globule formation behind a thick anterior subcapsular fibrous plaque.
The detached retina was disorganised and gliotic. At the temporal periphery there was a large fibrovascular membrane which incorporated glial cells and was causing a pucker (Figure 2a and b) . A membrane, which was continuous with a preretinal membrane, extended towards a retrolental membrane. Whorled clusters of retinal pigment epithelium cells were seen within the retina (Figure 2b ). At the nasal periphery, a strand of collagen lined by glial cells projected into the vitreous (Figure 2c and d) . This strand from the peripheral retina connected with the retrolental membrane, which was formed by loosely arranged fibrous connective tissue containing mononuclear cells (Figure 2e) . It was not possible to identify an anterior vitreous face.
Photoreceptors were not identified, and glial cells replaced the outer nuclear layer of the retina. The ganglion cell layer was also replaced by glial tissue but the bipolar cell layer was preserved to some degree (Figure 2f and g ). In the middle third of the retina (preequatorial area), the inner retina contained strands of amorphous material that appeared to lie on a corrugated internal limiting membrane. In places this amorphous material, later shown to be collagen on electron microscopy, was divided into two layers by glial cell proliferation (Figure 2f ). Projections of glial cells through the internal limiting membrane, some of them with a collagenous core, were a feature identified in the retina closer to the optic nerve head (Figure 2g and h) . The inner and outer nuclear layers were gliotic around an identifiable bipolar layer. There were clumps and clusters of retinal pigment epithelium cells within all layers of the outer retina, in some cases projecting from it into the subretinal space. Adjacent to the disc, the nerve fibre layer retained identifiable axons and myelinated axons were plentiful within the retrolaminar part of the optic nerve (Figure 2h) .
The retinal pigment epithelium was atrophic and hypopigmented; calcified drusen were prominent beneath the monolayer. Fibrous strands formed by metaplastic retinal pigment epithelium lined the inner surface of Bruch's membrane; in parts, these contained strips of compact bone. The choroid was atrophic and the stroma contained focal clumps of lymphocytes. The stromal melanocytes were well preserved, but the choriocapillaris was to a great extent replaced by hyalinised connective tissue. A transverse section through the optic nerve revealed axonal loss in the nasal quadrant. 
Eye
Electron microscopy
The normal retinal architecture was lost and there was extensive replacement of the tissues of the inner and outer retina by glial cells with migration of retinal pigment epithelial cells (Figure 3a) . Occasional macrophages were scattered throughout the gliotic areas. The majority of the retinal vessels were hyalinised. A thick layer of collagenous material with 65 nm banding, presumed to be vitreous collagen, was located on the inner limiting membrane of the gliotic retina (Figure 3b) . The glial cells lining the incarcerated collagen were either compact (Figure 3b ) or were infiltrating between the collagen fibres (Figure 3c ). The collagen fibres were densely packed in some regions and loosely arranged in others. The glial cells contained compacted intermediate filaments and the cell membranes exhibited the condensations of foot processes in relation to a basement membrane (Figure 3d and e) . This architecture is equivalent to the inner limiting membrane of the retina.
Molecular genetic analysis
The affected mother was heterozygous for three of the four COL2A1 linked markers and each of her four affected children inherited the same maternal haplotype for these three markers. Mutation screening detected a C to T mutation, in exon 47 that inserted a premature termination codon into the reading frame of the mRNA (Figure 4 ). This is a common type of mutation in Stickler syndrome. Sequence analysis of three of the four affected children confirmed that they were also heterozygous for the base change. Mutation screening was not carried out on the youngest child's DNA.
Discussion
The family described here showed linkage consistent with COL2A1, the mutant locus for most cases of type 1 Stickler syndrome, and mutational analysis confirmed a premature termination codon in exon 47.
The pathology in the present specimen shows many features in common with the series reported by Blair et al. 9 The globe was larger than average and showed chronic inflammatory changes of the anterior segment with corneal endothelial loss, rubeosis iridis, total angle closure, and lens opacification. An increased global volume has also been recognised clinically during retinal detachment surgery when even non-myopic patients with Stickler syndrome require much larger than average volumes for retinal tamponade.
Many of the other anterior segment features can be considered to be nonspecific, associated with longstanding retinal detachment. Loss of photoreceptors with survival of the nerve fibre layer is a common finding, as is proliferation of retinal pigment epithelium within detached retinas. Glial cell proliferation on the inner limiting membrane of the anterior third of the retina is a well-recognised feature of proliferative vitreoretinopathy, although incarceration of vitreous would be exceptional in rhegmatogenous or traumatic detachment. In this case, the incarcerations extended back to the middle third of the retina but did not involve the posterior third. Only one ultrastructural study of the vitreal membranes in Stickler syndrome has been published 10 and this revealed cells that possessed cilia, microvilli, cytoplasmic filaments, gap junctions, and basement membrane-like structures; these cells, similar to those observed in the present material, are characteristic of glial cells. The study did not describe extracellular matrix although it is possible that only a small sample was obtained and that there was incarcerated vitreous in the middle third of the detached retina. It is acceptable to regard the incarcerated vitreous and the collagenous strands seen histologically as corresponding to the membranes described clinically. An alternative possibility is that the glial cells formed the collagen as part of the disease process and further studies using immunohistochemistry to identify the collagen type present or advanced morphological techniques to demonstrate messenger RNA for type II collagen in the glial cells would have been helpful. These observations are in contrast to those reported by Blair et al 9 who did not identify incarcerated epiretinal collagen. From the figures provided in their paper, it is not possible to identify the tissues on the inner surface of the retina, although membranes were present. It is possible, however, that the ocular pathology differs between type 1 and type 2 Stickler syndrome. In summary, our case describes, in detail, for the first time, the ultrastructural pathology of an untreated globe with long-standing retinal detachment in genetically confirmed type 1 Stickler syndrome. There is a paucity of pathological data available on this disorder. Elucidation of the associated cellular changes and interactions taking place at the vitreoretinal interface, possibly as a result of defective collagen synthesis in the vitreous, provides an important insight into the pathogenesis of retinal detachment in this condition.
